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Fig. 1D (Cont)
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Fig. 3E
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Fig. 4A

325

% (k) )




U.S. Patent May 31, 2016 Sheet 14 of 18 US 9,356,607 B2

Fig. 4C

Absolute value frequency response of controller extension
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Fig. 5C
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Fig. 7A
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CONTROLLER UNIT AND DEVICE FOR
RESETTING AN OSCILLATOR EXCITED BY

A HARMONIC OSCILLATION, AND YAW
RATE SENSOR

BACKGROUND

1. Field of the Invention

The 1nvention refers to a controller unit for resetting a
deflection of an oscillator excited with a harmonic oscillation,
a device including such a controller unit, 1n particular a rota-
tion rate sensor, as well as to a method for operating and for

manufacturing such a controller unat.

2. Description of the Prior Art

Conventional control methods are tailored to control prob-
lems with constant or only slowly changing command vari-
ables. The value of a controlled process variable atfected from
a disturbance 1s kept close to a predetermined set point, or 1s
updated as close as possible to a changing set point. Some
applications (e.g. micromechanical rotation rate sensors for
analysis of a Coriolis force) provide a control loop for reset-
ting a deflection of an oscillator oscillating with 1ts resonance
frequency when stationary. A controller for such a control
loop with a harmonic oscillation as command variable 1s
conventionally designed such that a harmonic force signal
exciting the oscillator 1s compensated so that the oscillator—
apart form the harmonic oscillation corresponding to the
command variable—performs as little movement as possible.

Typically, this feedback control problem 1s solved as illus-
trated in FIGS. 1A to 1D. FIG. 1A refers to a device 100 with
a controlled system such as a mechanical oscillator 190,
whose translational or rotational deflection 1s captured by a
sensor 170. The oscillator 190 1s supported or suspended such
that 1t 1s movable along a direction of excitation and able to
oscillate with a resonance angular frequency w,. A harmonic
torce signal F _ acts on the oscillator 190 along the direction of
excitation. A measurement signal from the sensor 170 repro-
duces the movement of the oscillator 190 along the direction
of excitation. The movement of the oscillator 190 includes a
resonance oscillation with the resonance angular frequency
m,, modulated by a force F (disturbance).

The measurement signal (system output signal) 1s fed to a
controller unit 120 with a demodulator 122. In the demodu-
lator 122, the system output signal 1s multiplied with a har-
monic signal of frequency w, which 1s equal to the resonance
angular frequency w, of the oscillator 190, wherein a base-
band version of the system output signal as well as additional
frequency conversion products are formed. A low pass filter
124 damps higher frequency components, 1n particular at the
double resonance angular frequency 2-m, of the oscillator
190. The baseband signal 1s fed to the controller 126, which
operates 1n the baseband, whose design and dimensions can
be established by known controller design methods. The con-
troller 126 1s, for example, a continuous PI-controller. Due to
its integral component, high stationary position can be
achieved 1n case of a constant command variable.

The output of the controller 125 1s multiplied (modulated)
with a harmonic signal of frequency o, equal to the resonance
angular frequency [, of the oscillator 190 in a modulator
128. The modulation product 1s fed to an actuator 180 as a
controller signal, the actuator executing according to the con-
troller signal a force to the oscillator 190 that acts opposite to
the deflection of the oscillator 190. With the resonance angu-
lar frequency m, and the damping s, of the oscillator as well
as with the amplification A and the system dead time T . of the
system formed of the actuator 180, the oscillator 190 and the
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2

sensor 170, the transfer function of the oscillator 190 to be
controlled 1s given by equation (1):

(1)

G(s) = 755 = Gols) €75

(s +5,)% +w§ '

In what follows it 1s assumed that the damping s, of the
oscillator 190 1s much smaller than its resonance angular
frequency (s,<<wm,), and that the oscillator 190 1s excited
altogether with the harmonic force signal F_, which has a
force amplitude superposing, respectively amplitude modu-
lating an exciting oscillation with the resonance angular fre-
quency m, of the oscillator:

I =F-cos(wgT) (2)

According to FIG. 1B the actuator 180, the oscillator 190 and
the sensor 170 of FIG. 1A can then be 1llustrated as a system
with a summation point 191 and a transfer function G(s). A
controller signal generated by the controller unit 120 1s added
to the harmonic force signal F_ at the summation point 191
and the transfer function G(s) acts on the sum signal accord-
ing to equation (1).

The low pass filter 124 which has to show sutificient damping
at the double resonance angular frequency of the oscillator to
damp the frequency conversion product sufliciently at 2-m,,
limits the bandwidth of the controller and hence its reaction
rate with respect to changes 1n the force amplitude F.

FIG. 1C schematically illustrates the signal u(t) at the
output of a continuous Pl-controller with transfer function
G,(s). A constant input signal x (t) at the controller input
generates a time proportional gradient u(t) at the controller
output.

For a continuous PI-controller with amplification factor K .
and the 1integral action coetlicient K, the step response u(t) 1s
produced by a step signal o(t) as input signal according to
equation (3):

u(t)=(Kp+Ky1)-0(). (3)

By L-transformation of o(t) and equation (3), the transfer
function G(s) follows:

(4)
U(s)

Xa(s)

1 1
Gris)= :S.(KP.E-I_K!.S_Z):KP.

A pole at s=0 resulting from the integral component 1s
characteristic for the continuous PI-controller. In a PI-con-
troller used 1n connection with a controlled system of first
order with a system function G_(s), the system parameter K,
and the boundary angular frequency m, 1s, according to equa-

tion (5),

(3)

(5 = K¢ -
s(s) S v o

then the controller parameter amplification factor K, and
integral action coellicient K, are typically chosen so that the
pole 1n the system function G(s) (system pole) 1s compen-
sated by the zero of the transfer function of the controller
G ,(s) (controller zero). Equating coetficients 1n the equations
(4) and (5) results 1n a condition for the controller parameter
given by the relation according to equation (6):
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(6)

(]

Equation (6) determines only the ratio of the amplification
tactor K  to the integral action coelficient K. The product of
the system transfer function G(s) and controller transfer
function Gg(s) gives the transfer function of the corrected
open loop G, (s). As the system pole according to equation (5)
and the controller zero according to equation (4) cancel, the
transier function of the corrected open loop G,.(s) 1s given by
the relation according to equation (7).

. (7)
Gp(s) = Gg(s) - Gp(s)= Kg-Kp- E

From the corrected open loop frequency response, the sta-
bility properties of the closed loop can be deduced via the
Nyquist criterion. Because of the mtegral characteristics of
the corrected open loop an absolute value characteristic
results which declines with 20 db/decade. The phase always
amounts to —90° for positive frequencies, to which applica-
tion of the Nyquist criterion 1s typically limited. The phase
characteristic 1s an odd function and has, at frequency O, a
180° step from +90° for negative frequencies to -90° for
positive frequencies. The transfer function G (s) for the
closed loop generally results from that of the corrected open
loop G,(s) according to equation (8):

Gy (s)
T+ G, (s)

(8)

G(s) =

From equation (8) 1t follows that the transfer function
G, (s) for the closed loop 1s only stable when the locus of the
corrected open loop neither encloses nor runs through the
point —1 for O=w<co. One condition equivalent to this 1s that,
at the transition of the absolute value characteristic of the
corrected open loop through the O dB line, the phase of the
corrected open loop 1s larger than —180°. As the phase 1s
constant at —90° 1n the above case, the closed loop 1s thus

always stable independent of the choice of amplification fac-
tor K ..

The bandwidth of the closed loop can be deduced from the
frequency at the transition of the absolute value characteristic
through the O dB line. The absolute value frequency response
can be shifted via the amplification factor K , along the ordi-
nate and, thus, the transition through the 0 dB line, respec-
tively influencing the bandwidth that results from it.

FIG. 1D illustrates, for one example with a controlled
system of first order with the boundary angular frequency
m,=2-7t-100 Hz, a system parameter K .=wm, and a PI-control-
ler whose controller zero 1s chosen to compensate the system
pole and whose amplification factor 1s K,=2. The figure
shows the absolute value frequency responses of controlled
system, controller, corrected open loop, and closed loop 1n the
left column from top to bottom and, 1n the right column from
top to bottom, the phase frequency responses of the controlled
system, controller, corrected open loop, and closed loop. As
can be seen from the diagram at the bottom left, the bandwidth
of the open loop defined by the frequency at which the abso-
lute value frequency response of the closed loop has dropped
by 3 dB amounts to approximately 100 Hz.
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The use of a classical PI-controller assumes a compara-
tively constant common variable. For this reason applications
in which a harmonic common variable of almost constant
frequency 1s to be controlled require a demodulator and a
downstream low pass filter, which generate a corresponding
baseband signal from the harmonic input signal.

SUMMARY AND OBIECTS OF THE
INVENTION

It 1s therefore the object of the mmvention to provide an
improved controller concept for resetting the detlection of
oscillators of the type that oscillate harmonically 1n the sta-
tionary case (e.g. the detlection of one of the movably sup-
ported units of a rotation rate sensor) affected by a distur-
bance.

The present invention addresses the preceding and other
objects by providing, in a first aspect, a controller unit. Such
controller unit comprises a PI-controller with a proportional
transier element and an integrating transier element arranged
parallel to the proportional transfer element. A controller
input of the controller unit 1s connected with both transfer
clements.

A transfer function of the Pl-controller has a conjugate
complex pole at a controller angular frequency w, in the
s-plane or a pole at e¥“? in the z-plane, where T is the
sampling time of a discrete input signal of the PI-controller
and w, 1s larger than O.

In a second aspect, the invention provides a device. Such
device includes a movably supported oscillator that 1s excit-
able to an oscillation with the resonance angular frequency m,
along a direction of excitation and a controller unit compris-
ing a PI-controller with a proportional transfer element and an
integrating transier element arranged parallel to the propor-
tional transier element where a controller input of the con-
troller unit 1s connected with both transfer elements.

An 1ntegral action coelficient of the integrating transfer
clement and an amplification factor of the proportional trans-
fer element are chosen so that the PI-controller 1s suitable for
generating, at admission with a harmonic input signal of the
controller angular frequency o, modulated by the step tunc-
tion at the controller mnput, a harmonic oscillation of the
controller angular frequency m, with rising amplitude at the
controller output. The controller angular frequency m, 1s
equal to the resonance angular frequency .

In a third aspect, the mvention provides a rotation rate
sensor. The sensor includes a movably supported oscillator
that 1s excitable 1n a direction of excitation to an oscillation
with resonance angular frequency m,, and a controller unit
comprising a Pl-controller with a proportional transier ele-
ment and an 1ntegrating transfer element arranged parallel to
the proportional transier element controller input of the con-
troller unit 1s connected with both transfer elements.

The transfer function of the PI-controller has a conjugate
complex pole at the resonance angular frequency m, in the
s-plane or at e¥*’

in the z-plane, where T 1s the sampling
time of a discrete input signal of the PI-controller (225, 325)
and m, 1s larger than O.

In a fourth aspect, the mvention provides a method for
operating a rotation rate sensor. Such method includes the
steps of generating a measurement signal by a sensor repro-
ducing a deflection of an oscillator and generating a controller
signal for an actuator from the measurement signal, wherein
the actuator counteracts the deviation of the oscillator from a
harmonic oscillation with the resonance angular frequency
m,. The controller signal 1s dertved by means of a controller

unit from the measurement signal. The controller unit com-
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prises a PI-controller with a proportional transter element and
an integrating transfer element, arranged parallel to the pro-
portional transier element. A controller input of the controller
unit 1s connected with both transier elements.

A transfer function of the Pl-controller has a conjugate
complex pole at the resonance angular frequency m, 1n the
s-plane or a pole at e¥“* in the z-plane, where T is the
sampling time of a discrete mput signal of the PI-controller.

In a fifth aspect, the invention provides a method for manu-
facturing a rotation rate sensor. The method consists of
dimensioning a controller umt comprising a Pl-controller
with a proportional transfer element and an integrating trans-
fer element arranged parallel to the proportional transfer ele-
ment where a controller input of the controller unit 1s con-
nected with both transter elements. The Pl-controller i1s
provided with a transfer function that has a conjugate com-
plex pole at a controller angular frequency  1n the s-plane or
a pole at ¥ in the z-plane, where T is the sampling time of
a discrete input signal of the PI-controller and w, 1s larger than
0. An integral action coellicient of the integrating transier
clement and an amplification factor of the proportional trans-
ter element are chosen so that the PI-controller 1s suitable for
generating at admission with a harmonic input signal of con-
troller angular frequency o, modulated by the step function at
the controller input. A harmonic oscillation of the controller
angular frequency m, with rising amplitude at the controller
output. The controller angular frequency m, 1s chosen so that
the controller angular frequency m , 1s equal to the resonance
angular frequency m, of an excitation unit of the rotation rate
SENnsor.

The preceding and other features of the mvention will
become further apparent from the detailed description that
follows. Such written description 1s accompanied by a set of
drawing figures 1n which numerals, corresponding to numer-
als of the written description, point to the features of the
invention. Like numerals point to like features of the mven-
tion throughout both the written description and the drawing
figures.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A 1s a schematic block diagram of a device with a
harmonically excited oscillator and a controller unit for reset-

ting the deflection of the oscillator in accordance with the
prior art;

FIG. 1B 1s a schematic model of the device of FIG. 1A;

FIG. 1C 1llustrates the transfer function of a continuous
PI-controller operated at baseband;

FIG. 1D comprises multiple frequency response diagrams
for a continuous PI-controller for illustration of the operation
of controller units 1n accordance with the prior art;

FIG. 2A 1s a schematic block diagram of a device with a
controller unit according to one embodiment of the invention
that refers to a controller unit with a continuous PI-controller
for harmonic command variables and a dead time element;

FIG. 2B 1s a schematic illustration of the transter function
of the PI-controller of FIG. 2A;

FIG. 2C comprises multiple diagrams for illustrating ire-
quency response for the controller umit illustrated 1n FIG. 2A;

FIG. 3A 1s a schematic block diagram of a device with a
controller unit according to another embodiment of the mven-
tion thatrefers to a controller umit with a discrete PI-controller
for harmonic command variables and a dead time element;

FIG. 3B schematically illustrates the transfer function of
the controller unit of FIG. 3A;
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FIG. 3C comprises multiple frequency response graphs for
illustrating the operation of the controller unit illustrated 1n
FIG. 3A;

FIG. 3D illustrates a simplified block diagram of the con-
troller unit of FIG. 3 A transformed 1n the baseband according
to one embodiment;

FIG. 3E comprises a set of schematic frequency response
diagrams of a discrete controller unit dimensioned according
to one embodiment of a method for manufacturing a control-
ler unit including determination of the controller parameter
by eigenvalue specification;

FIG. 4A 15 a schematic block diagram of a device with a
controller unit according to a embodiment of the invention
which refers to a controller unit with a discrete PI-controller
for command variables and a controller extension working
similarly to a bandpass;

FIG. 4B schematically illustrates the transfer function of
the controller extension according to FIG. 4A;

FIG. 4C comprises frequency response diagrams for expla-
nation of the operation of the controller extension according
to FIG. 4A;

FIG. 5A 1s a top plan view of the micromechanical portion
ol a rotation rate sensor according to a further embodiment of
the invention;

FIG. 5B 1s a cross-sectional view 1n elevation of the micro-
mechanical portion of the rotation rate sensor of FIG. 5A;

FIG. 5C 1s a schematic block diagram of the rotation rate
sensor of FIGS. 5A and 5B;

FIG. 6 15 a top plan view of the micromechanical part of a
rotation rate sensor according to yet another embodiment of
the invention;

FIG. 7A 1s a simplified tlow diagram of a method of opera-
tion of a rotation rate sensor 1n accordance with the invention;
and

FIG. 7B 1s a flow diagram of a method for manufacturing a
rotation rate sensor 1n accordance with the invention.

PREFERRED

DETAILED DESCRIPTION OF THE
EMBODIMENT

Turning to the drawings, FI1G. 2A illustrates a device 200
with a control unit 220 which includes a PI-controller 225 for
harmonic command variables with an integrating transier
clement 222 with an integral action coellicient K, and a pro-
portional transfer element 224 with an amplification factor
K. The Pl-controller 225 for harmonic command variables
generates a harmonic oscillation with the same frequency and
time proportional amplitude at the controller output from a
harmonic oscillation of constant amplitude at the controller
input, which 1s amplitude modulated with the step function.
FIG. 2B illustrates the transformation of a sine wave modu-
lated step function signal x (t) into a harmonic output signal
u(t) with time proportional amplitude by the transter function
G ro(s) of the PI-controller 225. The described behavior of the
PI-controller requires dimensioning of the controller param-

eters K, K as described below.

Analogous to equation (3), equation (9) below describes
the relation between the controller output signal u(t) and the
controller mnput signal x _(t) for x (t)=o(t):

u()=(KptK; 1) sin(wy1)-o(f).

9)

The Laplace-transform of the controller output signal u(t) and
controller input signal x (t) are derived as 1n equations (9a)

and (9b) below:
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(0
Xd(S): 5 0 > (ga)
) +{U'D
() 2 twp-S (9b)
U(s) = Kp- = L+ K- "22.
5% + g (s + w§)

The transfer function G,(s) of the Pl-controller 225 for
harmonic command variables follows as 1n equation (10)
below:

K 10

U(s) 52+2-—I-5+w% (29
Grols) = = Kp- P
Ro(S) X1(5) P S

A conjugate complex pole at s=xjm, resulting from the
generalized integral component 1s characteristic of the con-
tinuous Pl-controller 225. With an harmonic oscillation of
frequency m, at the controller input, the PI-controller 225
generates no phase shiit at the controller output. For adjusting
an arbitrary phase, the controller umit 220 therefore addition-
ally includes a dead time element 226 with controller dead
time T, 1n series with the Pl-controller 225. The transier
tfunction G(s) of the controller unit 220 thus follows from
equation (11) below:

Ki
S 42— 5+ W

J— -S K
Gr(s) = Grols)-e 'R* = Kp > £ 5
) +{UD

(11)

. E_TR"S

The controller parameters K, K, are chosen so that the
controller zeros of the controller transfer functions according
to equation (11) compensate the conjugate complex system
pole 1 the system transfer functions according to equation
(1). Equations (12a) and (12b) result from equating the coel-
ficients of equations (1) and (11) for determination of the
controller parameters K, K :

Kr
0.2l Lo
Kp

(12a)

W = R+ 5. (12b)

According to one embodiment, the damping s, and the
resonance angular frequency w, of the oscillator 190 are
chosen so that s,<<wm, 1s satisfied and that, hence, equation
(12b) 1s satisfied 1n very good approximation. Equation (12c¢)
results from equation (12a) as a dimensioning rule for the
ratio of the integral action coeflicient K, to the amplification
factor K ,:

(12¢)

The transfer function G,(s) of the corrected open loop
results from the product of the system transfer function G(s)
and the controller transfer function G,(s). As the expression
for the conjugate complex system pole and the conjugate
complex controller zeros cancel by appropriate dimensioning
according to equations (12b), (12c¢), the transfer function
G, (s) of the corrected open loop results as equation (13):
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1 o~ Ts+TR)s (13)
2

Gi(s) = Gs(s)-Gris) = A-Kp- —
) +{U0

By feedback control with a conventional PI-controller, a

ump from +90° to -90° occurs in the phase frequency

response of the corrected open loop at the frequency w=0. In
contrast, a 180° phase jump occurs at the frequency w, 1n the
PI-controller 225 designed for harmonic command variables
(not necessarily between +90° and —90°). According to one
embodiment, the controller dead time T, 1s therefore chosen
so that the 180° phase jump occurs as close as possible to w,,
for example by dimensioning the controller parameters
according to equation (14a) below:

(14a)

i

b

(Ts +1p) -ty =

If the phase shift produced by the system dead time T
alone at w, 1s less than 90°, then the phase ratio of 180° can
also be generated by an 1verting controller. In this case the
phases produced by the controller dead time T, and the sys-
tem dead time T < at o, respectively, must merely add to /2.
The dimensioning rule for the controller dead time T, 1s then:

iy
(Ts + To)- 0 = 5. (14b)

The stability properties of the closed loop can be deduced
via the Nyquist criterion from the frequency response of the
corrected open loop. The corrected open loop consists of the
generalized integrator and the combination of system dead
time T and controller dead time T 5. By appropriate dimen-
sioning of the controller dead time T, according to equations
(14a) or (14b), the phase characteristics at the frequency m,,
has a 180° jump between +90° for lower frequencies m<m, to

—-90° to higher frequencies w>wm,. The transfer function G (s)
of the closed loop 1s related to that of the corrected open loop
G,(s), again, according to equation (8).

Gy (s)
1+ G, (s)

Gu(s) = (15)

When the controller dead time T, 1s determined according
to equation (14a) the closed loop 1s exactly stable when the
locus of the corrected open loop neither encloses nor runs
through the point -1 for O=w<w,. In contrast, when the con-
troller dead time T, 1s determined according to equation (14b)
and the Pl-controller 225 generates a 180° phase then the
closed loop 1s exactly stable when the locus of the corrected
open loop at a negative real axis starts at a value larger than
-1.

In the interval O=w<wm, the absolute value characteristic
intersects the 0 dB line at the gain crossover frequency where
the frequency difference from m, at the gain crossover ire-
quency determines the bandwidth of the closed loop. The
absolute value frequency response and, hence, the gain cross-
over frequency can be shifted by the amplification factor K .
along the ordinate so that the resulting bandwidth of the
closed loop 1s adjustable. According to one embodiment, the
amplification factor K, 1s chosen so that the bandwidth 1s
maximal within the limits given by the stability criteria.
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The graphs of the left hand column (from top to bottom) of
FIG. 2c¢ illustrates the absolute value frequency responses for
the controlled system, the controller, the corrected open loop
and the closed loop while those of the right column 1llustrate
phase frequency responses for the controlled system, the con-
troller, the corrected open loop and the closed loop for an
embodiment having system parameters as follows: resonance
angular frequency of the oscillator m,=2-7-9000 Hz; damping
of the oscillator

(o .
~200000°

S0

amplification A=s,*+w,”; and system dead time

The controller zero 1s chosen so that the system pole 1s
compensated. As the phase (at w,) which 1s produced by the
system dead time 1s smaller than 90°, the phase ratio of 180°
can be realized by a minus sign 1n the controller (inverting
controller). For an amplification factor K ,=—VY10 the integral
action coellicient K, results from equation (12¢) and the con-
troller dead time T, results from equation (14b) as T,=mn/
4-m.

The resulting bandwidth of the closed loop amounts to

approximately 500 Hz and 1s clearly larger than in the com-
parative example of a conventional PI-controller operated in

the baseband.

The device of FIG. 2A 1includes an oscillator 190 and a
controller unit 220. The oscillator 190 1s a mass movable
along a direction of excitation that 1s capable of oscillating
with a resonance angular frequency w,. In the stationary case
(e.g. without admission with a disturbance) the oscillator 190
undergoes a translational or rotational oscillation with the
resonance angular frequency m,. A detlection effected by a
torce amplitude 1s superposed to this oscillation. A sensor 170
captures the movement of the oscillator 190 and outputs a
measurement signal, which reproduces the entire deflection
of the oscillator 190 along the direction of excitation. The
measurement signal corresponds to a controller input signal
tor the controller umt 220. The controller unit 220 generates
a controller output signal from the controller input signal and
outputs the controller output signal to an actuator 180. The
actuator 180 counteracts the deflection effected by the force
signal F of the oscillator 190 and compensates the deflection
such that the oscillator 190 performs a harmonic oscillation
with constant amplitude at the resonance angular frequency
0

5-

The controller unit 220 has a Pl-controller 225, which
includes a proportional transter element 224 with an ampli-
fication factor K , and a integrating transier element 222 with
an itegral action coetlicient K, for harmonic command vari-
ables. The integral action coetficient K, and the amplification
factor K , are chosen so that the zero of the controller transter
function of the PI-controller 225 and the conjugate complex
pole of the system transier function, which describes the
oscillator 190, compensate 1n the s-plane.

According to one embodiment, the damping s, ot the oscil-
lator 190 with respect to deflection 1n the direction of excita-
tion 1s much smaller than the resonance angular frequency m,
of the oscillator 190 and the ratio of the integral action coet-
ficient K, to the amplification factor K, in sec™" corresponds
approximately to the damping s,. Moreover, the amplification
factor K, can be chosen so that the resulting bandwidth 1s as
high as possible for respective stability requirements. The
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integral action coellicient K, 1s then chosen 1n relation to the
damping s, and the amplification factor K ., according to equa-
tion (12c).

According to one embodiment, the system formed from the
actuator 180, the oscillator 190 and the sensor 170 has a dead
time T and the controller unit 220 has a dead time element
226 with the controller dead time T, acting serially to the
Pl-controller 225. The controller dead time T, 1s chosen 1n
relation to the resonance frequency w, of the oscillator 290
and the system dead time T, 1s chosen so that the phase
frequency response of the corrected open loop at the fre-
quency m, has aphase jump from +90° to —90° towards higher
frequencies.

According to a first variant of this embodiment, the PI-
controller for harmonic command variables does not tlip the
sign and the controller dead time T, 1s chosen so that the
product of the resonance angular frequency w, and the sum of
system dead time T. and controller dead time T, 1s 3m/2.
According to another variant of this embodiment, the PI-
controller 225 inverts the sign, shifts the phase about 180°,
and the phase eftected by the controller dead time T, and the
system dead time T at the resonance angular frequency m,,
merely adds to /2 so that the product of the resonance angu-
lar frequency w, and the sum of system dead time T. and
controller dead time T, 1s /2.

As the controller unit 220 provides no baseband transior-
mation (which requires a low pass filter for damping higher
frequency conversion products), the controller 220 can be
tormed with a considerable broader band. The controller unit
220 reacts faster to disturbances than comparative controllers
that provide a baseband transformation.

FIGS. 3A to 3E refer to an embodiment in which the
controller 220 has a discrete PI-controller 325 for harmonic
command variables with a discrete proportional transier ele-
ment 324 of amplification factor K , and a discrete integrating
transfer element 322 with integral action coefficient K,.
According to one embodiment an analog measurement signal
from the sensor 170, 1s sampled by a sampling unit 321 with
a sampling time T and transformed into a digital input signal
for the discrete Pl-controller 325. According to another
embodiment the sensor 170 already outputs a digital mea-
surement signal.

According to an embodiment 1n which the system includ-
ing the actuator 180, the oscillator 190 and the sensor 170 has
a system dead time T, the controller umit 220 includes a dead
time element 326 arranged 1n series with the discrete PI-
controller 325 with a controller dead time T,. The system
dead time T as well as the controller dead time T, are
expressed as multiples of the sampling time T according to
equations (16a) and (16b) below:

TS:ﬁS'Tﬂﬂd (1 6::1)

TpbpT. (16b)

In this process, the controller dead time T 5 1s determined so
that the corrected open loop has a phase jump at the resonance
angular frequency w, from +90° and -90° towards higher
frequencies.

According to one embodiment, the ratio of the integral
action coetlicient K ; to the amplification factor K  1s adjusted
so that the controller zero of the controller transfer function
compensates the conjugate complex system pole of the sys-
tem transfer function in the s-plane. According to another
embodiment, controller parameters are chosen so that the
transter function of the closed loop of an equivalent baseband
system has a double real eigenvalue. The controller unit 220
1s, for example, realized as a digital circuit (e.g., as ASIC
(application specific integrated circuit), DSP (digital signal
processor) or FPGA (Field Programmable Gate Array)).

FIG. 3B illustrates the z-transier function Gr4(z) of the
discrete PI-controller 325 for harmonic command variables
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according to FIG. 3A. The transfer function G,,(z) 1s deter-
mined so that the PI-controller 325 generates, from an input
signal X (k) including a harmonic oscillation modulated with
the step function o(k), a harmonic oscillation of the same
frequency with a time proportional amplitude as the control-
ler output signal u(k), defined by equation (17) below:

u(lb)=(K p+ K Tk)-sin( 0y Tk)-o (k) (17)

The mnput function X (z) and the output function U(z) result

from z-transformations according to equations (18a) and
(18b) below:

. _ Z-s1nl{wqg - T) (18a)
4(2) = 72 =2-cos({wo-T) z+1
V(D) = K- Z-s1nl{wq - 1) (18b)

g2 —2-cos{wo-T)-z+1
T-7°-sin(wy-T)=T-z-sin(wgy - T)
(22 = 2-cos(wo-T)-z+ 1)

K

The transter function G, (z) of the discrete PI-controller 3235
for harmonic command variables 1s then, according to equa-
tion (18¢) below:

Gro(z) = (18¢)

U(z) (Kp+K;-T)-z*=2-Kp-cos(wy-T)- 2+ Kp—K,;-T
X4(2)

72 —=2-cos(wo-T)-z+1

As the generalized integral portion, such a discrete PI-
controller has a pole at z=e¥*** and generates, with a har-
monic oscillation of the frequency w, at the input, no phase
shift at the output. To be able, nevertheless, to adjust an
arbitrary phase, the controller unit 220 1s provided with a dead
time element 326 of retardation [3,, according to one embodi-
ment. The controller transier function G,(z) of the controller
unit 220 with the dead time element 326 and the discrete
PI-controller 325 1s derived as equation (19) below:

Gr(z) = Gro(z) -7 PP = (19)

(KP+K;'T)'Z2—Z'KP'CDS(EU{)'T)'Z-FKP—K]J'T
22 —2-cos(wg-T)-z+1

—Bp

R4

The model of the continuous controlled system according,
to equation (1) has to be discretized accordingly. To this end
in the transier function G(s) of the controlled system accord-
ing to equation (1) the system dead time T . 1s at first expressed

as a multiple of the sampling time T according to equation
(16a):

(20)

G(S) — -E_ﬁS'T — GD(S). E_ﬁSTS

(s +50)% + W}

Generally a step transfer function G(z) of a discretized
model of a continuous controlled system with the transier
tfunction G(s) can be calculated according to equation (21):

z—1 G(s)

G =~ 4~}

(21)
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Employing the following abbreviations according to equa-
tions (21a) to (21¢)

A (21a)
K¢ = 5 >
30 + E2r
by =1 - 07 cos(wy - T) — — - 0T -sin(wy - T) (21b)
(o
by = e 207 e 0T cos(wy-T) + -0 sin(wo-T) 1
()

ap =2-e507 .cos(wy - T) (21d)

_E_ZISGIT (21@)

iy =

the step transier function G(z) for the oscillator 190 resulting
from equations (20) and (21) 1s, according to equation (22):

blZ +f?2 | |

= Go(z) —
O 2B

(22)

Giz) = K, -
2) Z—arz—ay zPs

In one embodiment of the invention, the controller dead
time T 5 1s determined so that the phase frequency response of
the compensated open loop has a phase jump from +90° to
-90° towards higher frequencies at the resonance angular
frequency w,. The z-transfer function for the compensated
open loop results 1n analogy to equation (13) from the multi-
plication of the system transier function G(z) according to
equation (20) with the controller transfer function G(z)
according to equation (19):

Gxl2)=Go(2)-Gpolz)z FSTFD)

Analogous to the equations (14a) and (14b), the controller
parameter [3,, 1s chosen such that the transfer function of the
corrected open loop G.(z) has a phase jump from +90° to —90°
at the resonance angular frequency m:

(23)

| 3 (24a)
(,35 + fp + i]-wm-T= 57

In comparison to equation (14a) one finds an additional
partof Yam, T with respect to the continuous controller, which
represents a retardation that can be traced back to the dis-
cretizing of an additional half sampling cycle. As in the case
of the continuous controller, a phase jump of 180° can be
generated by a minus sign 1n the controller, provided that the
phase shift generated by the system dead time T and the
discretization, respectively, are smaller than 90° at the reso-
nance angular frequency m, so that the phases generated by
the discretization, the controller dead time p T and the sys-
tem dead time 3 -'T, need only add up to /2. Accordingly, the
dimensioning rule for p , results 1n this case 1n equation (24b):

1 (24b)
(,35 + fp + 5]'MD'T=

o] A

The equations (24a) and (24b) normally lead to a non-integral
value for f3,,. Generally, the controller parameter {3, has an
integral part n,, and a remainder 1/a,, with a,,>1 according to
equation (25):

1 25
Pp =np + — )
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According to one embodiment, the itegral part n, can be
approximated by a retardation chain in accordance with the
length denoted by n,, and the fraction 1/a,, of a sampling cycle
can be approximated by an all-pass filter of first order accord-
ing to equation (26):

1

D=

ap- -7+ 1 (20)

Z+ap

According to one embodiment, the parameter o, of the all-
pass filter 1s chosen such that the phase of the exact transfer
function z7? and the phase of the all-pass approximation
according to equation (26) coincide at the resonance angular
frequency m, as far as possible. From these conditions equa-
tion (27) results as a conditional equation for the parameter
o, of the all-pass filter:

um-T (ZD

ap-sinf(wg - T) sin{cwg - 1) ]

— () — L
e an( ap-cosi{wg-T)+1 ] e aﬂ(ms(cug -TY+ ap

4p

According to one embodiment o 5, 1s determined such that,
via nested intervals, the zeros of the function according to
equation (28) are determined as follows:

flap) = (29)

QM'T

ap-sin(wg - T) sin{cwg - T') ]

{ — { +
e a—r{ﬂfﬂ -cos(ewp-T)+1 ] e aJ_l(CDS(EUD -TY+ ap

ap

The determination of n, and a,, according to equations (25)
and (28) 1s independent of the method for determining the
turther controller parameters K » and K.

According to one embodiment of a method for manufac-
turing a controller unit that includes dimensioning the dis-
crete PI-controller 325 according to FIG. 3A, the amplifica-
tion factor K, and the integral action coetlicient K, of the
discrete Pl-controller 325 are chosen so that the controller
zeros 1n the controller transter function G(z) according to
equation (19) compensate the conjugate complex system pole
of the system transier function G(z) according to equation
(22). Equating coellicients of equations (19) and (22) with
respect to z' leads to the dimensioning rule of equation (29):

e 0! (29)

Kp=K;-T-
P i e

Equating coefficients with respect to z” provides the
dimensioning rule of equation (30):

1 +e 507 (30)

Kp=Ki T ——.

According to one embodiment, the damping s, of the oscil-
lator 190 and the sampling time T are chosen such that
s,° 1<<1 holds whereby approximations according to (31a)
and (31b) are sulliciently precise:

e 01154 T (31a)

e 20 1254 T

(31b)
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Making the approximations according to equations (31a)
and (31b), the two independent dimensioning rules according
to equations (29) and (30) can be approximated by the dimen-
sioning rule below:

1—&yT

S0

(32)

Kp!:K,r-T- , respectively K;'TéKp'S{}'T.

In one embodiment, the ratio of the integral action coelli-
cient K, to the amplification factor K, 1s set equal (or nearly

equal) to the damping s, of the oscillator. The dimensioning
of the discrete Pl-controller 325 according to the described
method, which includes the compensation of the system pole
by the controller zero, leads to a good reference action of the
closed loop.

According to another embodiment of a method for manu-
facturing a controller unit, which includes the dimensioning
ol a discrete PI-controller 325, the integral action coelficient
K ; and the amplification factor K , are determined by suitable
cigenvalue specification for a system formed from the dis-
crete PI-controller 3235 and a discrete baseband model of the
oscillator 190. For this, a baseband model G,'(s) equivalent to
the oscillation model G,(s) of equation (1) 1s at first assumed:

A.Ir
S+ 50

(33)

Gols) =

The parameters of the equivalent baseband model accord-
ng,
to equation (33) are determined 1n accordance with equation
(34) so that the absolute value of G,'(s) at =0 coincides with
the absolute value of G, (s) at w=wm,:

A.Ir
S+ 50

A

(s +.50)% + W}

(34)

(w=0 (W=tuy

According to one embodiment, the oscillator 190 1s real-
ized such that w,>>s, holds and the relation between the

parameters A and A' 1s closely approximated by equation
(35):

A (33)

For the discretization of equivalent baseband model G,'(s),
equation (36) results, by analogy to equation (21)

(36)

= 22 )

From equations (33) and (36) the equivalent discretized
baseband model 1s derived as follows.

(37)
Go(z) =

FIG. 3D 1llustrates the discretized baseband model 190q of

the oscillator 190 according to equation (37) as well as a
controller model 325a of the discrete PI-controller 325 for
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harmonic command variables according to FIG. 3A with
functional subunits. The output of the controller model 325a
1s Tfed back to the mput of the discretized baseband model
190a. The functional subunits of the controller model 325q
can be completely or partially realized by hardware (e.g. by
integrated circuits, FPGAs (field programmable gate arrays),
ASICs (application specific integrated circuits) or DSPs
(digital signal processors)), exclusively realized by software,
(implemented, for example, in a DSP or a computer), or
realized by a combination of hardware and software.

The system with the discretized baseband model 190q and
the controller model 323a illustrated i FIG. 3D can be

described by a state model according to equations (38a),
(38b):

x(k+1) = (38a)

eS0T —(r| + 1) A— (l=e0Ty —p,. A— (1 =g

S0 S0
1 1
A_ (1 —e 0"
x(tk+1)+| So -w(k)
0

xtk+1)=¢.. xtk)+ h-wk) (38b)

Calculation of the determinant det(z-1-®) leads to the char-

acteristic polynomial of this system according to equation
(39b) below:

(39a)

A’ A’
z—e 0T L (r ) — (1= p.— . (1 -7
S0 S0

—1 z—1

2 —s50-1 A’ —sn-T
det(z-1-®) =2 ~ {1+ 07 (11 +1r2): — (1 —e0T)| -2+
0
eSS0l —(ri ) —- (1= 4. — (1 —es0T)
S0 S0

(39b)

Calculation of the zeros of the characteristic polynomial
according to equation (39b) gives the eigenvalues A, A, of the
controlled system, for which the characteristic polynomial
can be generally described 1n the form of equation (40):

(2= (Z=hp)=z7=(hy+hy) 4 (40)

By equating coelficients between equations (39b) and (40),

the controller coellicients depending on the eigenvalues A,

and A, (which are to be predetermined) result from equations
(41a) and (41b) below.

A! | 413.
L4+ e 07 —(r] +1rp)- o~ (l=e0hy =2, +24, #la)

’ !

e 0l —(ri ) — (L= 0y 4. — (1 =07 = Al -Asy
S0 S0

(41Db)

The equations (41a) and (41b) lead to the equations (42a) and
(42b) from which the controller coetlicients r, and r, of the
controller model 325q can be determined from the parameters
of the equivalent discrete baseband model and the predeter-
mined eigenvalues:
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e S0l Q- A, (42a)

Fl = ;

— (1l —e0’)
S0

_d-A4)-(0-2) (42b)

Fa p

T (1 . E—SD-T)
S0

The amplification factor K . and the integral action coelli-
cient K, of the controller unit 220 according to FIG. 3A are
determined from the controller coetficients r, and r, of the

controller model 325a of FIG. 3D according to equations
(43a) and (43b):

Ko=r 43a
P

KI'T:FE (43b)

According to one embodiment, the eigenvalues A,, A, are
predetermined without high dynamics requirements so that
the transient oscillation process of the baseband system
describes, 1n close approximation, the envelope of the tran-
sient oscillation process of the equivalent bandpass system. In
this process, the transierability of the baseband design to the
bandpass band only holds approximately, due to the control-
ler dead time of the phase adjustment for the bandpass band
system acting as an additional dead time with respect to the
baseband system that 1s not taken 1nto account 1n the control-
ler design. For this reason, when presetting the eigenvalues
with excessively high dynamics requirements, the bandpass
band system can be unstable, although the equivalent base-
band system 1s stable. However, by referring to the Nyquist
stability criterion, the stability of the bandpass band design
can be estimated at any time for the predetermined eigenval-
ues.

When the method for dimensioning a controller provides
presetting of eigenvalues, the position of the two eigenvalues
with respect to each other 1s also predetermined. In contrast,
a strong deviation of the two eigenvalues from one other can
happen at the dimensioning of the PI-controller for harmonic
command variables by pole/zero compensation so that the
cancelled system pole remains as eigenvalue in the closed
loop and leads to a large time constant at a typically low
damping of the oscillator. Indeed the “cancelled” eigenvalue
has no influence on the response, but it can be excited by
perturbations and can result 1n long, persistent fading pro-
cesses. In contrast, the design via eigenvalue presetting
allows the presetting of both eigenvalues at approximately the
same order of magnitude and thus a positive intluence of the
perturbation behavior. According to one embodiment, the two
cigenvalues are set equal or approximately equal with a maxi-
mum deviation of 10% to the larger eigenvalue.

The following exemplary embodiment illustrates the
design methods described above for the PI-controller 325 for
a controlled system with the following parameters:

wo =2-71-9000 Hz

()
>0 = 300000
A:53+{u§
i i
Is = 4 g Ps = 4o T
]
100000 Hz

As the phase generated by the system dead time at the reso-
nance frequency o, 1s less than 90°, a phase ratio of 180° can
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be realized by an inverting controller (minus sign 1n the con-
troller). For the controller dead time p,T the dimensioning

rule according to equation (44) then results from equation
(24b):

7 1 (44)

" FwpT 2700

Pp

According to a method that provides dimensioning of the
discrete Pl-controller 325 by pole/zero compensation the
amplification factor K ., can be, for example, set to K ,.=— 10 1n
analogy to the example illustrated in FIG. 2C. The integral
action coelficient K, results then from equation (32) to
K, T=-2.8274-107".

FI1G. 3C illustrates, 1n the left column from top to bottom,
absolute value frequency responses for the controlled system,
the controller, the corrected open loop, and the closed loop
and, 1n the right column, the corresponding phase frequency
responses for the calculated exemplary embodiment. From
the frequency responses of the closed loop a bandwidth of
about 500 Hz within the 3 dB limits can be read off.

When, 1n contrast, the discrete PI-controller 325 1s dimen-
sioned via eigenvalue presetting, the eigenvalues are chosen
for example equally large and according to absolute value,
such that the closed loop of the equivalent baseband system

has a double real eigenvalue at A,=A,=0.98. The controller
coefficients r,=0.14004655 and r,=1,41471261-107" result

from equations (42a) and (42b). Taking into account the
minus sign required for the phase adjustment, the values for
the amplification factor K, and the integral action coetficient

K, of the discrete PI-controller 325 are K ,=-0.14004655 and
K, T=-1,41471261-10"".

FIG. 3E illustrates 1n the upper diagram the step response
of the bandbass band system controlled via such a discrete
PI-controller as continuous line as well as the step response of
the equivalent baseband system as dotted line, which corre-
sponds approximately to the upper branch of the envelope of
the step response of the discrete PI-controller. Lower left the
absolute value frequency response of the closed bandpass
band system and right next to 1t the corresponding phase
frequency response 1s 1llustrated from which for example the
bandwidth of the closed loop can read off.

FIGS. 4A to 4C refer to an embodiment at which the
controller unit 320 has a controller extension 328, arranged 1n
series with the PI-controller 325, and a dead time element 326
according to FIG. 3A. In the following, the structure of the
controller extension 328 1s deduced from an analog controller
extension for the baseband.

The oscillator 190 can have further resonances beside the
resonance angular frequency at w,, such as mechanic struc-
ture resonances above or below the resonance angular fre-
quency m,. The controller extension 328 1s formed such that
these turther resonances are more strongly damped. To this
end, a retardation element of first order (PT, -element) with a
turther pole at the kink frequency beyond the desired band-
width would be added to a conventional PI-controller in the
baseband. This additional controller pole causes the control-
ler to no longer act as a proportional element for high fre-
quencies, but its absolute value frequency drops down with 20
db/decade. The step response y(k) of such an extension in the
baseband results from the step function o(k) as input signal
u(k) according to equation (45):

k-T

45
y(k):(l—cﬁ* 1 )

) - a(k)
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The z transform U(z) of the input signal u(k) corresponds to
the z transform of the step signal:

U(Z) — Zi (463)

The z transform Y (z) of the output signal y(k) then results:

Z (46b)

}’(Z)= i —
4

The transier function G, .,(z) of such a controller extension
in the baseband 1s dertved, thus, 1n analogy to equation (10):

(47)

T
l—e N1

Greo(Z) =

N
z—e 'l

According to one embodiment, the controller extension
238 1n the bandpass band 1s configured now 1n analogy to the
controller extension 1n the baseband such that the controller
extension 328 responses to an admission with a harmonic
oscillation of a resonance angular frequency o, modulated by
the step function with a harmonic oscillation of the same
frequency, wherein the step response of the baseband exten-
sion defines the envelope as 1llustrated on the night side of

FIG. 4B.

FIG. 4B 1illustrates the transformation of a sign modulated
step Tunction u(k) onto an output signal with sign oscillation
whose envelope results from the step response according to
the transter function G, .,(z) of the discrete controller exten-
s1on 1n the bandpass band. The 1mput signal of the controller
extension 328 in the bandpass band with the transfer function
G, (Z) 1s expressed 1n equation (48):

u(k)y=sin{wy-T4)-o (k) (48)

The controller output signal y(k) 1s a harmonic oscillation
whose envelope corresponds to the step response of the PT, -
controller extension in the baseband:

k-T

- 4
y(k):(l—fﬁ 7] (42)

) -s1n{wqg - T k) -oik)

The z-transform U(z) and Y(z) are set forth in equations
(50a) and (50b) below:

z-siniwg - T) (50a)
Vi) = 72 —2-cos({wg-T)-z+1
V(o) = 2. sin(cwo - 1) (50b)

2-2-cos(wo-T)-z+1

T
e 'l -sin(wy-T)
< T )
2-2-e Tl -cos(wy-T)-z+e 11

The transfer function Gg.(z) of the controller extension
328
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for the bandpass band follows:

-7, - T 51
Y(z) (I—E Tl_)'Zz—ETl-(l_E Tl_) o)
Ulz - I T
( ) ZZ_Q'E Tl 'CDS({U{}'T)'Z‘FE Tl

Gre(2) =

The controller extension 328 with the transfer function
G, (Z) acts 1n series with the discrete PI-controller 325 simi-
larly to a bandpass of first order with the resonance frequency
m, as midband frequency. The absolute value and phase of the
compensated open loop at the resonance angular frequency

m,, 1n a narrow region around the resonance angular frequency
m, according to equation (52) remain unchanged.

1 1
Wy — — < (0 = g + —
O~ T ot T

(52)

In this region, the absolute value frequency response of the
compensated open loop 1s barely affected, while, out of this
region, a considerable drop of the absolute value happens
such that possible undesired resonances can be dropped. FIG.
4C 1llustrates the absolute value frequency response as well as
the phase frequency response for the controller extension for
T,=1/(2-7-1000 Hz) with a transter function G, .(z) accord-
ing to equation (51).

FIGS. 5A to 5C refer to a micromechanical rotation rate
sensor 500 according to a further embodiment. The rotation
rate sensor 500 includes an excitation unit 590, e.g. an exci-
tation frame, suspended at {irst spring elements 341. The first
spring elements 541 couple the excitation unit 590 to an
attachment structure 351 which 1s fixedly connected to a
support substrate 550 1llustrated in FIG. 5B. The spring ele-
ments 541 only weakly damp a deflection of the excitation
unit 390 with respect to the support substrate 550 along the
direction of excitation 501. A detection unit 580 1s coupled to
the excitation unit 5390 over second spring elements 342 and 1s
movable with respect to the excitation unit 590 mainly along,
a detection direction 502 orthogonal to the direction of exci-
tation 501. The direction of excitation 501 and the detection
direction 502 run parallel to a surface of the support substrate
550. The first and second spring elements 541, 542 are, for
example, beam-like structures with small cross sections,
which are formed between each of the structures to be
coupled.

According to one embodiment, the rotation rate sensor 500
includes first force transmission and sensor units 561, 571
(e.g. electrostatic force transmitters and sensors) which excite
the system formed from the excitation unit 390 and the detec-
tion unit 580 to an oscillation along the direction of excitation
501 and/or are able to capture a corresponding detlection of
the excitation unit 590. The rotation rate sensor 500 includes
further second force transmission and sensor units 562, 572
(e.g. electrostatic force transmitters and sensors) which act on
the detection unit 380 and/or are able to capture 1ts detlection.
According to one embodiment at least one of the second force
transmission and sensor units 562, 572 1s controlled such that
it counteracts a detlection of the detection unit 580, caused by
a disturbance or, 1n a closed loop system, caused by a mea-
sured variable.

During operation of the rotation rate sensor 500, the first
force transmission and sensor units 561, 571 excite, for
example, the excitation umt 590 to an oscillation along the
direction of excitation 501, wherein the detection unit 580
moves approximately with the same amplitude and phase
with the excitation unit 590. When the arrangement 1s rotated
around the axis orthogonal to the substrate plane, a Coriolis
force acts on the excitation umt 590 and the detection unit
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580, which detlects the detection unit 580 with respect to the
excitation unit 590 1n the detection direction 502. The second
force transmission and sensor units 362, 572 capture the
deflection of the deflection unit 580 and, thus, the rotational

movement around the axis orthogonal to the substrate plane.

According to one embodiment, at least one of the force
transmission and sensor units 561, 572, 562, 572 acts as
actuator and either the excitation unit 590 or the detection unit
580 as oscillator within the meaning of one of the devices 200
described above.

According to one embodiment 1llustrated in FIG. SC of the
rotation rate sensor 500, the first force transmission and sen-
sor units 561, 571 excite the excitation unit 590 to oscillation
with the resonance angular frequency w, along the direction
of excitation 501. In a control loop according to the above
discussion, an oscillation of the detection unit 580 along the
detection direction 502 (x2-oscillator) can then for example
correspond to the harmonic force signal as described above.

The detlection of the x2-oscillator can be captured via the
charge on the common movable electrode, which 1s formed
on the excitation unit 590. The charge can be measured viathe
attachment structure 551. A charge amplification unit 521
amplifies the measured signal. While typically a demodula-
tion unit modulates the measured signal with a frequency
which corresponds for example to the resonance angular fre-
quency m, before 1t 1s fed into a controller unit, the embodi-
ments of the invention feed the non-demodulated harmonic
signal as measurement signal within the meaning described
above 1nto a controller umit 520 according to the above.

The damping s, for the oscillation 1s considerably smaller
than the resonance angular frequency w,. The signal mea-
sured over the excitation frame the excitation unit 590 partly
reproduces the movement of the excitation unit 390 along the
direction of excitation 501. A disturbance whose source can
be outside of the rotation rate sensor 500, or, 1 a closed loop
system, the measurement variable, respectively, superposes
the oscillation and modulates 1ts amplitude. The controller
unit 520 senses from the modulated harmonic signal a control
signal for the second force transmission and sensor units 362,
572 which counteracts the deflection effected by the distur-
bance or the measurement variable, respectively. An amplifi-
cation unit 522 transforms the control signal in a suitable reset
signal for the electrodes of the second force transmission and
sensor units 562, 572. The controller unit 520 1s formed and
dimensioned according to one of the above described control-
ler units 220. When the amplitude modulation of the har-
monic signal reproduces the measurement variable, a
demodulation unit can be provided, which generates the rota-
tion rate signal by demodulation of the harmonic control
signal with the resonance angular frequency .

The rotation rate sensor 505 1illustrated in FIG. 6 differs
from the rotation rate sensor 500 illustrated 1n FIG. 5A by a
Coriolis unit 385 arranged between the excitation unit 590
and the detection unit 380. Second spring elements 342 which
couple the Coriolis umt 585 to the excitation unit 590 allow
for a deflection of the Coriolis unit 585 relative to the excita-
tion unit 590 1n the detection direction 502. Third spring
clements 5343, which can be partly connected with the support
substrate 350, couple the detection unit 580 to the Coriolis
unmit 585 so that the detection unit 580 can follow the move-
ment of the Coriolis unit 585 along the detection direction
502, but cannot follow movements along the direction of
excitation 501. The detection unit 580 1s fixed with respect to
the direction of excitation 501 and 1s moveable along the
detection direction 502.

According to another embodiment, at least one of the first
or second force transmission and sensor units 561, 562, 571,
572 acts as actuator and either the excitation unit 590 or the
detection unit 380 or the excitation unit 590 as well as the
detection unit 380 act as oscillator according to one of the
devices described above, which are operated according to the
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principle of the bandpass controller. In this process the force
transmission and sensor units 561 and 571 act as force trans-
mission and sensor units respectively for the x1-oscillator and
the force transmission and sensor units 362 and 572 act as

force transmission and sensor units respectively for the x2-o0s-
cillator.

A rotation rate sensor according to another embodiment
includes two of the arrangements as illustrated 1n FIG. 5A or
FIG. 6, which are coupled to each other such that the excita-
tion units perform opposing oscillations in the stationary state
with respect to each other. Another embodiment covers rota-
tion rate sensors with four of the arrangements as 1llustrated in
FIG. SA or FIG. 6 which are coupled to each other such that
every two of the excitation units perform opposing oscilla-
tions 1n the stationary state.

A further embodiment refers to the controller unit 220
illustrated in FIGS. 2A, 3A and 4A. The controller unit 220
includes at least one Pl-controller 225, 325 for harmonic
command variables, which has a proportional transfer ele-
ment 224, 324 and an integrating transfer element 222, 322
arranged 1n parallel to the proportional transfer element 224,
324, wherein a controller unit of the controller unit 220 1s
connected with both transfer elements 222, 224, 322, 324.
The transter function of the Pl-controller 225, 325 for har-
monic command variables has a conjugate complex pole at a
controller angular frequency m. in the s-plane or at ¥ in
the z-plane, wherein T 1s the sampling time of a discrete input
signal of the PI-controller 325 and wherein w, 1s larger than O.

To achieve this, the integral action coetlicient of the inte-
grating transier elements 222, 322 and a amplification factor
of the proportional transfer elements 224, 324 1s chosen such
that the PI-controller 225, 325 for harmonic command vari-
ables 1s suitable for generating a harmonic oscillation of the
controller angular frequency [ with rising amplitude at a
controller output, with an harmonic input signal of the con-
troller angular frequency o, modulated by the step function at
the controller mput.

The Pl-controller 225, 325 for harmonic command vari-
ables can also be employed for a controller dertved from a
conventional PI-controller for stationary command variables
and differs from it by the position of the poles 1n the s- or
z-plane, respectively.

FIG. 7A refers to a method for operating a rotation rate
sensor. During operation of a rotation rate sensor, a sensor
generates a measurement signal, which reproduces a detlec-
tion of an oscillator (702). A controller unit generates a con-
trol signal from the measurement signal for an actuator, which
counteracts the deviation of the deflection of the oscillator
from a harmonic oscillation with the resonance angular fre-
quency o, (704). The controller unit has a PI-controller with
a proportional transifer element and an integrating transier
clement arranged parallel to the proportional transier ele-
ment, wherein a controller mput of the controller unit 1s
connected with both transfer elements. The transfer function
of the PI-controller has a conjugate complex pole at a reso-
nance angular frequency w, of the oscillator 1n the s-plane or
a pole at €¥“7* in the z-plane. T is the sampling time of a
discrete input signal of the PI-controller and w,, 1s larger than
ZEro.

FIG. 7B refers to a method for manufacturing a rotation
rate sensor. The method includes dimensioning a controller
unit with the PI-controller with a proportional transier ele-
ment and an integrating transfer element arranged parallel to
the proportional transier element, wherein a controller input
ol the controller unit 1s connected with both transfer elements.
The PI-controller 1s provided with a transier function, which
has a conjugate complex pole at a controller angular fre-
quency o, in the s-plane or a pole at e¥” the z-plane,
wherein T 1s the sampling time of a discrete mnput signal of the
PI-controller and w, 1s larger than O. The controller angular
frequency m, 1s chosen such 1n this process that the controller
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angular frequency m, 1s equal to the resonance angular fre-
quency m, of an oscillator of the rotation rate sensor (754). To
this end an integral action coellicient of the integrating trans-
fer element and an amplification factor of the proportional
transfer element are chosen such that the Pl-controller 1s
suitable for generating a harmonic oscillation of the angular
resonance frequency m, with rising amplitude at the control-
ler output, at admission of the harmonic iput signal of the
resonance angular frequency m, modulated with the step
function at the controller input.

While the invention has been described with reference to a
presently preferred embodiment, 1t 1s not limited thereto.
Rather it 1s limited only 1nsofar as 1t 1s defined by the follow-
ing set of patent claims and includes within 1ts scope all
equivalents thereof.

What 1s claimed 1s:

1. A controller unit comprising a PI-controller with a pro-
portional transfer element and an integrating transfer ele-
ment, arranged parallel to the proportional transtier element,
wherein a controller input of the controller unit 1s connected
with both transfer elements, characterized 1n
that a transfer function of the PI-controller has a conjugate
complex pole at a controller angular frequency . in the
s-plane or a pole at ¥ in the z-plane, wherein T is the
sampling time of a discrete mput signal of the PI-con-
troller and w, 1s larger than O.

2. The controller unit according to claim 1, wherein

an integral action coellicient of the integrating transfer
clement and an amplification factor of the proportional
transier element are chosen such that the PI-controller 1s
suitable for generating, at admission with a harmonic
mput signal of the controller angular frequency m,
modulated by the step function at the controller input, a
harmonic oscillation of the controller angular frequency
m, with rising amplitude at the controller output.
3. A device comprising a moveably supported oscillator,
which 1s excitable to an oscillation with the resonance angular
frequency m, along a direction of excitation, and
the controller unit according to claim 2, wherein the con-
troller angular frequency w, 1s equal to the resonance
angular frequency m,.

4. The device according to claim 3, wherein

the integral action coellicient and the amplification factor
are chosen such that the zeros of the transter function of
the PI-controller compensate poles of a transfer function
of the oscillator.

5. The device according to claim 3, wherein

the PI-controller 1s a continuous PI-controller and

the ratio of itegral action coellicient to amplification fac-

tor 1s equal to a damping s, of the oscillator in the
direction of excitation.
6. The device according to claim 5, wherein
a controlled system comprising the oscillator has a system
dead time T,

the controller unit comprises 1n series to the PI-controller a
dead time element with a controller dead time T,, and
cither

the PI-controller 1s an inverting controller and the product

of the resonance angular frequency w, and the sum of the
system dead time T and the controller dead time Ty, 1s
equal to /2 or

the PI-controller (225) 1s a non-inverting controller and the

product of the resonance angular frequency w, and the
sum of the system dead time T and the controller dead
time T 1s equal to 3m/2.

7. The device according to claim 3, wherein

the PI-controller 1s a discrete PI-controller, which 1s admit-

table with a discrete mput signal emerging from a sam-
pling with the sampling time T,

the oscillator has a damping s, in the direction of excita-

tion, and




US 9,356,607 B2

23

the ratio of the integral action coetficient to the amplifica-
tion factor equals the ratio s,:(1-s,-T).

8. The device according to claim 3, wherein

the PI-controller i1s a discrete PI-controller, which 1s admat-
table with a discrete mput signal emerging from a sam-
pling with the sampling time T,

the integral action coelficient and the amplification factor
are chosen such that the transier function of the closed
loop of an equivalent baseband system has a double real
cigenvalue.

9. The device according to claim 7, wherein

a controlled system comprising the oscillator has a system
dead time p T,

the controller unit comprises a dead time element with a
controller dead time 35T 1n series to the discrete PI-
controller, and either

the discrete PI-controller 1s an inverting controller and the
product from the resonance angular frequency mw, and
the sum of the system dead time p T, controller dead
time P -1, and the half sampling time 1/2 1s equal to 7/2
or

the discrete PI-controller 1s a non-inverting controller and
the product of the resonance angular frequency w, and
the sum of the system dead time 3 - T, the controller dead
time 3,1, and the half sampling time T/2 1s equal to
3m/2.

10. The device according to claim 3, characterized by

a controller extension, arranged 1n series to the PI-control-
ler, which acts as bandpass with a midband frequency at
the resonance angular frequency m,.

11. The device according to claim 10, wherein

a transter function G .(z) of the controller extension with
a bandwidth 1/T, 1s determined by the following equa-
tion:

-(1—@'—3_%)

T
_Q_T_

2-2-e 11 .cos(wg-T-z+e T

12. The device according to claim 3, wherein
the device 1s a rotation rate sensor and the oscillator 1s an
excitation unit, a Coriolis unit or a detection unit of the
rotation rate sensor, wherein
the excitation unit 1s deflectable by a force transmitter
along a direction of excitation and 1s suitable for an
oscillation with the resonance angular frequency m,,
the Coriolis unit 1s attached to the excitation unit such that
the Coriolis unit follows a movement of the excitation
unit along the direction of excitation and that the Corio-
l1s unit 1s additionally moveable along a detection direc-
tion orthogonal to the direction of excitation, and
the detection unit 1s attached such to the excitation unit or
to the Coriolis unit that the detection unit either
follows a movement of the excitation unit along the
direction of excitation and 1s additionally moveable
along a detection direction orthogonal to the direction
of excitation, or
follows a movement of the Coriolis unit along a detec-
tion direction orthogonal to the direction of excitation
and 1s fixed along the direction of excitation.
13. A rotation rate sensor comprising
a moveably supported oscillator which 1s excitable 1n a
direction of excitation to an oscillation with a resonance
angular frequency m,, and
a controller unit comprising a PI-controller with a propor-
tional transier element and an integrating transier e¢le-
ment, arranged parallel to the proportional transfer ele-
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ment, wherein a controller input of the controller unit 1s
connected with both transfer elements, characterized 1n
that

the transier function of the Pl-controller has a conjugate
complex pole at the resonance angular frequency w, 1n
the s-plane or at €7’ in the z-plane, wherein T is the
sampling time of a discrete iput signal of the PI-con-
troller and w,, 1s larger than O.

14. The rotation rate sensor according to claim 13, wherein

the oscillator 1s an excitation unit which 1s deflectable by a
force transmitter along a direction of excitation and 1s
suitable for an oscillation with the resonance angular
frequency m,.

15. A method for operating a rotation rate sensor, compris-

ng

generating a measurement signal by a sensor reproducing a
deflection of an oscillator, and

generating a controller signal for an actuator from the
measurement signal, wherein the actuator counteracts
the deviation of the oscillator from a harmonic oscilla-
tion with the resonance angular frequency m,, the con-
troller signal 1s deduced by means of a controller unit
from the measurement signal, and the controller unit

comprises a Pl-controller with a proportional transfer
clement and an integrating transfer element, arranged
parallel to the proportional transfer element, wherein a
controller input of the controller unit 1s connected with
both transfer elements, wherein

a transier function of the Pl-controller has a conjugate
complex pole at the resonance angular frequency m, 1n
the s-plane or a pole at e¥“* in the z-plane, wherein T is
the sampling time of a discrete mput signal of the PI-
controller.

16. A method for manufacturing a rotation rate sensor,

comprising

dimensioning a controller unit comprising a PI-controller
with a proportional transfer element and an integrating
transier element, arranged parallel to the proportional
transier element, wherein a controller input of the con-
troller unit 1s connected with both transfer elements,
characterized in

that the PI-controller 1s provided with a transfer function
that has a conjugate complex pole at a controller angular
frequency m, in the s-plane or a pole at €97 in the
z-plane, wherein T 1s the sampling time of a discrete
input signal of the PI-controller and w, 1s larger than O
and an 1ntegral action coetficient of the integrating trans-
fer element and an amplification factor of the propor-
tional transfer element are chosen such that the PI-con-
troller 1s suitable for generating, at admission with a
harmonic input signal of controller angular frequency o,
modulated by the step function at the controller input, a
harmonic oscillation of the controller angular frequency
m, with rising amplitude at the controller output, and

the controller angular frequency m, 1s chosen such that the
controller angular frequency m, 1s equal to the resonance
angular frequency m, of an excitation unit of the rotation
rate sensor.

17. The method according to claim 16, wherein

the integral action coellicient and the amplification factor
are chosen such that the zeros of the transfer functions of
the Pl-controller compensate the poles of the transier
functions of the excitation unit.

18. The method according to claim 16, wherein

the PI-controller 1s a discrete PI-controller, which 1s admit-
table with a discrete mput signal emerged from a sam-
pling with sampling time T, and

the integral action coellicient and the amplification factor
are chosen such that the transier function of the closed
loop of an equivalent baseband system has a double real
cigenvalue.




	Front Page
	Drawings
	Specification
	Claims

